Abstract: Polypyrrole (PPy) dispersion was prepared using FeCl 3 ·6H 2 O as oxidant in the presence of sodium dodecylbenzenesulfonate (SDBS) as surfactant. The formation of the micelles and the electrostatic interaction between PPy and SDBS were considered the driving forces for the formation and stability of the dispersion. UV/Vis/NIR, FTIR spectra and SEM images were studied to confirm the structure and morphology of the PPy dispersion, respectively. Polymerization of pyrrole under different preparation conditions including the concentration of the surfactant, the pyrrole monomer and the oxidant and also the addition of acid were carried out in order to investigate their effects on the stability and average particle size of the dispersions. The conductivity of the resulting PPy particles was measured and a comparison between the PPy and polyaniline dispersion formed with SDBS as surfactant was also given.
Introduction
Polypyrrole (PPy) as one of the most important conducting polymers has received comprehensive interests in recent years [1] [2] [3] [4] . It has such merits as easy preparation, environmental stability and high conductivity which lead to its wide applications in various fields such as sensors, actuators and electric devices. However, the poor solubility in most solvents limited its processibility and hence its application. The preparation of PPy in its colloidal forms has been sought to improve its processibility. Therefore, many kinds of steric stabilizers including poly(vinyl pyrrolidone) (PVP) [5] , poly(ethylene oxide) (PEO) [6] , poly(styrene sulfonate)(PSS) [7] , poly(vinyl methyl ether) (PVME) [8, 9] , ethylhydroxycellulose [10] and so on have already been used to prepare PPy dispersions. Copolymers like poly(N-isopropylacrylamide-co-acrylamide) is also a candidate for stabilizing PPy dispersion [11] . Besides, spherical and "stringy" silica have also been utilized in the preparation of PPy dispersions [12] . Among these mentioned methods above, Andrij Pich et al. [13] have studied the PPy dispersions using PVME as stabilizer and they also discussed the effect of three different anionic salts as dopants on the properties of the resulting dispersions. S.P. Armes et al. [14] have reported the preparation of colloidal dispersions of surfactant-stabilized PPy particles using sodium dodecylbenzenesulfonate (SDBS) and ammonium persulfate (APS) as surfactant and oxidant, respectively. Meanwhile, the preparation of PPy in the presence of different surfactants, including SDBS, dodecylbenzenesulfonic acid (DBSA) and Triton-X 100 and the conductivity, thermal stability or morphology of the resulting polymers was comprehensively studied [15] [16] [17] . However, using FeCl 3 ·6H 2 O as oxidant in SDBS aqueous solution to form PPy dispersion has rarely been reported, which is different from that using APS as oxidant in certain degree. On the other hand, the size distributions of sterically stabilized PPy colloids were determined based on a charge-velocity analysis with various steric stabilizers [18] . Apart from that, dynamic light scattering (DLS) being an effective way to determine the particle size of colloids has also been used for the measurement of the particle size of the PPy colloids and it showed that the results based on DLS were in agreement with those from the observation of transmission electron microscopy [19] . However, there are few reports systemically discussing the change of the particle size of PPy dispersion from different preparation conditions. Here, we used SDBS as surfactant to prepare PPy dispersions and made relatively comprehensive studies of different factors including the concentration of the surfactant and pyrrole monomer, the ratio of pyrrole and oxidant etc. on the formation and stability of the PPy dispersions. The average particle diameters of the resulting PPy dispersions were also measured by the aid of DLS.
Results and discussion

UV/Vis/NIR spectrum
The UV/Vis/NIR spectrum of the PPy dispersion (Sample 2) is presented in Fig. 1 . It shows bipolaron absorption peaks near 460 nm and free carrier tail in the NIR region with the maximum of ca. 1200 nm. The free carrier tail is related to the delocalization of electrons in the polaron band, which can be promoted by the stiffening extension of polymer chain [20] . The UV/Vis/NIR spectrum indicates the PPy dispersion is well produced and the resulting polymer chain has a certain extension. Other samples also give the two peaks around 460 and 1200 nm and no much difference can be observed. 
FTIR spectrum
The FTIR spectrum of the PPy dispersion (Sample 2) is shown in Fig. 2 . From Fig.  2 , the presence of characteristic peaks of PPy confirms the successful formation of PPy in the dispersion [4] . For instance, the broad band at 3414 cm -1 can be assigned to the N-H stretching; the peaks at 1554 and 1458 cm -1 are corresponding to symmetric and antisymmetric pyrrole ring-stretching modes; the strong peaks near 1194 and 910 cm -1 indicate the doping state of PPy and the peak at 1043 cm -1 presents the C-H deformation vibration. Furthermore, two peaks at 2924 and 2856 cm -1 can be attributed to the stretching vibration mode of methylene, indicating the surfactant SDBS has been doped into the PPy structure [11] . The characteristic peaks of PPy are observed in other samples and no apparent peak shifts can be found, agreeing with the conclusion that the PPy is formed in these dispersions. 
Morphology
Typically the PPy particles in dispersions are spherical and in our experiment we also got the similar result with the diameter of the PPy particle of 200 to 500 nm (inset of Fig. 3a) . At the same time, we observed dentritic structure in most of the dispersions with good stability, as shown in Fig. 3a . S.P. Armes et al. have also reported the formation of nonspherical, irregular morphology of the PPy dispersion when APS was used as oxidant [14] . Then we consider that the formation of such structure is similar with that of PPy or PANI sub-micrometer-sized tube junctions and dendrites through self-assembly. The micelles can aggregate to form branched structures, which act as templates for sub-micrometer-sized tube junctions and dendrites [21] . Meanwhile, we find this dentritic structure appears to be steady, which keeps the PPy from precipitation. On the other hand, we only found big granular particles or even aggregates when dispersions were formed with bad stability. The SEM images of two typical dispersions with bad stability are shown in Fig. 3b and c, confirming our proposal mentioned above. Table 1 )
Formation of the PPy dispersions
We have discussed the formation of polyaniline (PANI) dispersions using SDBS as surfactant in our previous paper, in which the SDBS forms micelles in the aqueous solution at first and provides local places for the polymerization of aniline [22] . In this system, when pyrrole monomers are dropped into the SDBS solution, they will enter the micelles formed by the surfactants because of their more hydrophobic characteristics. FeCl 3 ·6H 2 O as oxidant is then added into the above mixture which initiate the polymerization of pyrrole via contact with pyrrole through the surrounded surfactants, which is similar to the polymerization of aniline in SDBS solution. However, there is still difference between the two systems. FeCl 3 ·6H 2 O will have interaction with SDBS by some kind of complex, which can be directly observed by the change of the solution when FeCl 3 ·6H 2 O is added into the SDBS solution. The interaction between PPy and the surfactant can be mainly ascribed to electrostatic interaction because the dispersion cannot be formed when Triton X-100, a type of nonionic surfactant, is used (Sample 13 in Table 1 ). It should be noted that S. P. Armes et al. have reported the formation of an insoluble Fe-SDBS complex prior to the addition of the pyrrole monomer [14] . However, in our experiment, the pyrrole is added to the surfactant solution prior to the oxidant and the existence of the interaction between pyrrole and SDBS and the following polymerization of pyrrole perhaps weaken the complex and hence depress the formation of precipitation.
Stability of the PPy dispersion
From Table 1 we can learn that a lower SDBS concentration will result in precipitation, while the dispersion is stable when a higher surfactant concentration, such as 0.025 or 0.1M, is used. Though there is slight precipitate in these systems when they are stored for a period of time (more than two or three weeks), the dispersions can be easily formed by slightly shaking the vessels. This perhaps results from the fact that a lower content of surfactant in the solution cannot form enough micelles to afford the PPy because of the worse interaction between them. On the contrary, a higher SDBS concentration will lead the PPy and SDBS to form homogeneous dentritic structure so as to make the dispersion stable.
Tab. 1. Preparation conditions, stability and average particle diameter of the polypyrrole dispersions. Table 1 . Here, the ion strength is considered the main factor to affect the stability of the dispersion because the concentration of electrolytes will greatly influence the stability of the colloids [23] .
So the excess addition of FeCl 3 ·6H 2 O produces the increase of the ion strength which destroys the electrostatic interaction between PPy and SDBS.
When the monomer pyrrole was used with the concentration as high as 0.02M, the resulting dispersion is also unstable because of the two following factors: 1) the surfactant can not produce strong interaction with PPy and hence fails to effectively stabilize the particles; 2) the content of the oxidant is altered according to the usage of pyrrole so that the ion strength is improved, therefore the dispersion turns unstable.
The dispersion appears more stable when acid is added into the system as shown in Table 1 . We find that even 1 mL of HCl solution (0.36 M) affects the stability of the dispersion. We consider that it originates from the increase of the electrostatic interaction between PPy and SDBS because the polymerization of pyrrole proceeds via radical cation intermediates and the anionic surfactant acts as co-dopant and also as surfactant at high concentration. The addition of H + brings PPy to be with much more positive charge and hence will have stronger attraction with the anion of the surfactant. This can be further confirmed by another experiment in which PPy dispersion is prepared using DBSA as surfactant and the resulting sample shows high stability (Sample 12 in Table 1 ). However, when the volume of the acid is increased to more than 10 mL, the dispersion becomes unstable and precipitation is formed. This may be due to the fact that the excess H + will break down the micelle structure because of the increase of the ion strength, which is consistent with the result of the preparation of PANI dispersions using SDBS as surfactant [22] .
It should be noted that the stability of the PPy dispersion is worse than that of the PANI dispersion using SDBS as surfactant and the PPy dispersion will not be stable as the storing time is longer than one or two months. We consider the network structure existing in the PANI dispersion helps to make the dispersion stable for at least half a year; however, there is no such structure in the PPy dispersion [22] .
Particle size
In our early experiments we have tried to study the average diameter of the PANI in its dispersion form by the aid of DLS, however, we did not obtain meaningful results [22] . On the contrary, the particle diameter of the PPy dispersion could be easily obtained by using DLS. We own the difference between the two kinds of systems to the following two factors: 1) there exists stronger interaction between PANI and SDBS than that between PPy and SDBS and a uniform network structure is formed in PANI dispersion, which greatly disturbs the measurement of the particle diameter; 2) PANI has the intrinsic property to form nanofibers [24] and typically globular particles will be obtained in the process of the polymerization of pyrrole. As we know, the globular morphology is fit for the measurement by using DLS.
As can be seen from Table 1 , when the surfactant concentration was increased from 0.01 M to 0.1 M, the average particle diameter of the dispersions changed from ca. 500 nm to 140 nm. This can be resulted from the decrease of the micelle size with a high surfactant concentration, which correspondingly decreases the polymerization space of the pyrrole.
When the ratio of the oxidant to pyrrole monomer was changed from 1:2 to 3:2 keeping the monomer concentration of 0.01 M, the average particle diameter of the dispersions increased from ca. 140 nm to 325 nm, which can be seen from Table 1 . As we have discussed in the former part, the increase of the oxidant concentration will influence the stability of the micelles formed by the surfactant, therefore, a bigger diameter is expected when a higher oxidant concentration is used.
From Table 1 , one can find a higher monomer concentration will lead to the increase of the particle diameter of the PPy dispersion when the molar ratio of pyrrole to the oxidant is 1:1. On one hand, the increase of the monomer concentration will result in stronger interaction between PPy molecules; on the other hand, the increase of the electrolytes concentration will also make an effect on the particle size.
It is interesting that the addition of small amount of acid will greatly decrease the particle size. As can be seen from Table 1 , when 1, 6.6 or 10 mL of acid is added into the reaction systems, the resulting particle shows average diameter of 63, 43 or 39 nm, respectively. However, when 3.3 mL of acid is used, the diameter turns big with the value of 298 nm compared with 182 nm for that without acid addition. In order to make clear the abnormal phenomenon, we also measured the average particle diameter of the PPy dispersion prepared from DBSA solution. The result shows that the particle gives similar diameter with that from the system with 3.3 mL of acid (see Table 1 , Sample 12). This means the system with 3.3 mL of acid is quite similar to the pure DBSA solution and the addition of relatively large amount of acid will decrease the interaction between the PPy molecules, which can avoid the further aggregation of the PPy particles. At the same time, one can find smaller-sized PPy particles are helpful for the stability of the dispersion in certain degree.
Conductivity
The conductivity of the resulting PPy particle pellets is listed in Table 1 . Based on the listed values, we can learn some conclusions as follows: 1) As we know, a large amount of surfactant anions containing bulky aliphatic chains can be a steric barrier for the charge transport in the PPy chains [17, 25] . However, the conductivity value of Sample 2 (0.025 M of SDBS, 0.066 S/cm) is much higher than that of Sample 1 (0.01 M of SDBS, 0.0053 S/cm). This may have originated from the difference of stability and particle size between them; 2) Increasing the usage of oxidant in certain degree will lead to the enhancement of the conductivity if Samples 5 and 2 are compared because of a relatively complete polymerization. Higher oxidant concentration (0.015 M or 0.02M), however, will result in overoxidation hence a lower conductivity (Samples 6 and 7); 3) It is well known that the conductivity can be improved by increasing the acid concentration because of the enhancement of the doping level, as can be seen from Samples 8, 10 and 11 with 1, 6.6 and 10 mL of acid, respectively. It is strange that Sample 9 with 3.3 mL of acid gives the lowest conductivity value of 0.00028 S/cm. This abnormal result is consistent with that of the particle size and we consider the lower conductivity should be attributed to the larger particle size of Sample 9 (298 nm) and different acid environment as discussed above; 4) Using ionic surfactant is in favor of obtaining a higher conductivity value than that prepared from non-ionic surfactant.
Conclusions
PPy dispersion was successfully prepared using SDBS as surfactant and FeCl 3 ·6H 2 O as oxidant. It was considered that the micelles formed by the surfactant and the strong electrostatic interaction between PPy and SDBS led to the formation and stabilization of dispersion. The UV/Vis/NIR and FTIR spectra confirmed the polymerization of pyrrole and the SEM images showed the dispersions with good stabilization had dentritic structure, which might keep the dispersion from precipitation. The effects of the concentration of the surfactant, the monomer and the oxidant on the stability and particle size were all investigated and the results showed that higher surfactant concentration and lower monomer and oxidant concentration would benefit for the stabilization of the dispersions. It also proved that addition of proper amount of acid could improve the stability of the dispersion. Accordingly, the dispersion with higher stability gave smaller particle size. The conductivity of the resulting PPy particles gave relatively low values due to the high surfactant and low acid concentrations.
Experimental Part
Preparation of PPy dispersion
Pyrrole was distilled under reduced pressure and other chemicals were used as received without further purification. A typical experiment was done as follows: SDBS aqueous solution with different concentration was mixed with or without small amount of HCl solution (0.36 M). The acid was used to convert SDBS to its acid form, DBSA and provided H + in order to study the interaction between the different components in the dispersion. Pyrrole was dissolved in the above solution under stirring. FeCl 3 ·6H 2 O in powder state was then directly added into the mixture solution, after which the solution was stirred for another 1 h. The so-obtained solution was kept unstirred at room temperature and finally the color turned black, indicating the PPy had been formed. Different preparation conditions were listed in Table 1 and the total volume of the solution was 100 mL.
Characterization
Optical spectrum was recorded on UV-3101PC (Shimadzu) spectrometer. 1 mL of dispersion was diluted with 19 mL of deionized water for the measurement and deionized water was used as background.
Fourier transformation infrared (FTIR) spectrum of the sample was measured on an FTIR-8400s (Shimadzu) spectrometer in the transmission mode. A drop of PPy dispersion was dropped onto a piece of CaF 2 flake and a black film was then formed on the flake, which was used for the FTIR measurement of the PPy dispersion. Resolution of the measurements was 4 cm -1 and CaF 2 flake was used as background.
10 drops of PPy dispersion was diluted by 5 mL of deionzed water. A drop of above solution was dropped onto a piece of microslide, dried in air and then a film formed. The morphology of the film was observed using scanning electron microscopy (SEM, SSX-550, Shimadzu) with gold coating. A laser-scattering particle size distribution analyzer (ZETASIZER 3000HSA) was used for measurement of the PPy particle size distribution on diluted dispersion at 25 ºC. For each value reported, at least three measurements were averaged.
